A green-emitting phosphor, Eu 2+ doped LaAl(Si 6Àz Al z )(N 10Àz O z ) (denoted as JEM, z B 1), was synthesized via a solid-state reaction method. By the careful control of the sintering temperature and chemical composition of starting materials (z value, N/O ratio and Si/Al ratio), a single phase JEM phosphor was achieved for the first time. The JEM:Eu 2+ phosphor displays a broad 4f-5d excitation band from the UV region up to 525 nm, with a maximum at 355 nm. Excitation at 355 nm results in a Eu 2+ 5d-4f emission band, that shows a large red-shift (490 -564 nm) and a change in shape with increasing Eu concentration. The thermal quenching behavior of JEM:Eu 2+ has been investigated in the temperature range from 4 K to 573 K. An abnormal nearly linear relation is observed between temperature and luminescence intensity. These phenomena indicate that there are two types of Eu 2+ sites, although only one crystallographic site can be found in the JEM structure. A non-linear decay behavior with a bi-exponential curve and time-resolved photoluminescence emission spectra with two distinctive Gaussian peaks further give strong evidence for two emission sites in the Eu 2+ doped JEM phosphor.
Introduction
In recent decades, oxy-nitride phosphors have received great attention due to their large flexibility in tuning the photoluminescence spectra, high conversion efficiency, small thermal quenching and high chemical stability. Especially rare earth ion activated nitrido-silicate phosphors, M-Si-(Al)-(O)-N:RE (M is an alkaline earth or lanthanide metal, RE is a rare earth ion), possess a strong covalent and highly condensed structure built up on a corner or edge sharing SiN 4 tetrahedral framework, which leads to flexible controlling of photoluminescence spectra and structural diversity and stability. [1] [2] [3] [4] Furthermore, the structural variety of nitrido-silicates can be further extended by substituting Si with Al or Li resulting in nitridoalumino-or nitridolithosilicates, respectively. [5] [6] [7] Several efficient phosphors promising for application in white light-emitting diodes (LEDs) have been discovered among the nitrido-silicate phosphors, such as coordinated by seven (N,O) atoms at an average distance of 2.70 Å. 19 It was mainly studied as a heat-resistant material until 2007 when Takahashi et al. 8 reported that a Ce doped JEM phase phosphor can emit blue light with high quantum efficiency (internal quantum efficiency is around 62%) after 405 nm light excitation. Its emission spectra peak wavelength is widely tunable in a range of 460-500 nm, and a high color rendering index (Ra = 95-96) has been obtained for the near-UV LED with various correlated color temperatures. Therefore, JEM:Ce 3+ has been strongly suggested as a candidate for solid-state lighting, especially for home illumination. Afterwards, the photoluminescence properties of the JEM:Ce 3+ phosphor were enhanced by co-doping Ca. 20 However, a phase pure JEM phosphor has not yet been obtained, with some impure phases even coexisting inside the same particle. 21 In general, Eu 2+ and Ce 3+ are the two most effective and frequently used activators in LED phosphors due to their flexibility to control and tailor the photoluminescence properties. However, the properties of Eu 2+ doped JEM phosphors have not been reported at present.
In this work, we report the synthesis of a Eu doped JEM phosphor by using La 2 O 3 , LaN, Si 3 N 4 , AlN and Eu 2 O 3 as starting materials. Aiming at a phase pure JEM:Eu phosphor, the effects of the synthesis temperature and chemical composition of the starting materials (z value, N/O ratio and Si/Al ratio) are investigated. After getting the Eu doped single phase JEM sample, we further investigate the photoluminescence properties of the JEM:Eu phosphor.
Experimental section

Sample preparation
Eu 2+ doped LaAl(Si 6Àz Al z )(N 10Àz O z ) (z B 1) phosphor powder samples were prepared via a solid-state reaction method. Appropriate amounts of starting materials including La 2 O 3 (Shin-Etsu Chemical Co.), LaN, a-Si 3 N 4 (SN-E10, Ube Industries), AlN (Tokuyama, E-grade) and Eu 2 O 3 (Shin-Etsu Chemical Co.) powders were weighed with designed chemical compositions and then packed in boron nitride crucibles in a glove box filled with nitrogen gas. The samples were fired in a nitrogen gas-pressure sintering furnace (Fujidempa Kogyo Co. Ltd, Osaka, Japan) at 1800-1900 1C for 2 hours. After heating, the sintered samples were finely ground using a mortar for further characterization.
Characterization
The crystalline phases of the samples were detected with X-ray powder diffraction (XRD) by using Cu Ka 1 radiation (Rigaku, Smartlab). The quantitative analysis of the crystalline phases was conducted using a reference intensity ratio (RIR) method. 22 A field-emission scanning electron microscope (Hitachi S4800) was used to investigate the microstructure of the samples. Photoluminescence spectra at room temperature were measured using a spectrophotometer (Hitachi F-4500) equipped with a Xe lamp. The diffuse reflectance spectra were recorded using a UV/vis spectrophotometer (JASCO, V-560), and a Spectralon resin was used for calibration. 23 X-Ray absorption of the Eu-L III edge was measured by the transparent method with the beam line BL9C (Photo Factory, KEK, Japan). Low temperature dependent luminescence spectra were recorded using a spectrometer (Otsuka electronics, MCPD-9800) and a Xe lamp. Samples were cooled from 298 K to 4 K by using a He cryostat (Oxford, OPTICOOL). Luminescence spectra above room temperature were obtained using a multichannel detector (Otsuka electronics, MCPD-7000) under excitation at 355 nm from 298 K to 573 K. This measurement system combined with an integrating sphere was also used to measure the emission and reflectance of the phosphors for calculating the internal quantum efficiency (IQE) according to the formula: 24
where E(l), R(l) and P(l) are the intensity per unit wavelength in the spectra of excitation, reflectance, and emission of the phosphor, respectively. Luminescence decay and time-resolved photoluminescence emission spectra at room temperature were measured by a time-correlated single photon counting system (TCSPC) technique, using a 370 nm and 1.2 ns pulse duration nanoLED as the excitation source (Horiba Jobin Yvon, FluoroCube).
Results and discussion 21 tried to enhance the phase purity of JEM by setting the z value to 1.5 and a synthesis temperature of 1800 1C. Yet a very small amount of La N-phase (La 3 Si 6.5 Al 1.5 N 9.5 O 5.5 ) formed, while b-sialon could also be detected. Some impure phases even coexisted inside one particle. Based on these previous works, it is believed that the temperature and chemical composition play a key role in JEM phase formation. However, there is no report in the literature about the effect of temperature and chemical composition on JEM phase formation. a. Temperature effect. A 5% Eu doped JEM (La 1Àx Eu x -Si 6Àz Al 1+z O z N 10Àz with z = 1, x = 0.05) compositional sample was fired at different temperatures from 1800 1C to 1900 1C for 2 hours. Charge compensation has not been considered yet, as the charge balance for the JEM phase structure is complicated owing to the statistical distribution of La atoms. 19 The X-ray diffraction patterns of the products are shown in Fig. 1a . The main phase observed is the JEM phase (ICSD 81057) for all samples. However, all samples also contain the La N-phase (ICSD 93506). The amount of La N-phase is the largest at the lowest temperature (1800 1C) and decreases with increasing temperature, but even at the highest temperature (1900 1C) still some La N-phase is present. Besides the La N-phase, b-sialon (ICSD 74741) is also detected in the samples fired at 1800 1C and 1850 1C.
The sample synthesized at 1900 1C seems to contain the least amount of impurity (b-sialon) based on the XRD pattern. However, the SEM images of the samples shown in Fig. 1b display that the particles of the sample synthesized at 1900 1C contain a glassy surface, which is probably caused by some melting of the JEM phase during the synthesis. The particles of the sample synthesized at 1850 1C are much rougher and do not have the glassy surface. It is therefore believed that the JEM phase could better be synthesized at 1850 1C in order to prevent melting of the surface of the particles.
b. Composition effect (1) z value effect. The target samples, 5% Eu doped JEM (La 1Àx Eu x Si 6Àz Al 1+z O z N 10Àz , x = 0.05) with different z values (z = 1.00, 1.12, 1.25, 1.31, 1.50), were weighed according to the molar ratios of each starting material listed in Table 1 (samples No. 1-5) and fired at 1850 1C for 2 hours. The XRD patterns of the samples are shown in Fig. 2a . The main phase is the JEM phase. However, all samples also contain the La N-phase as an impurity phase, as well as a small amount of b-sialon, except for the samples with z = 1.12 and 1.25 in which no beta-sialon is present. It should be noted that varying the z value does not lead to a significant change in the lattice parameters of the main phase, suggesting that a monophasic JEM sample might be achieved with a specific z value or a very narrow region of z values. By comparing the chemical composition of the crystalline phases (JEM, La N-phase and b-sialon), it is found that all of them are sialon phase materials but with different Si/Al and N/O ratios. It is therefore believed that the Si/Al and N/O ratios of the starting materials play a key role in the phase purity of JEM. The adjustment of the z value changes simultaneously the N/O ratio as well as the Si/Al ratio, as shown by the black line in the composition map of Fig. 2b . It should be noted that the N/O ratio of the starting materials might in reality be different Table 1 . Fig. 3a shows that the JEM phase purity is improved by decreasing the N/O ratio. The La N-phase impurity disappears when the N/O ratio is 6.00, with only b-sialon left as a secondary phase. When the N/O ratio is 5.78 (sample No. 13), no LaN is added as a starting material and the La N-phase impurity appears again. By analyzing the phase percentages of the samples with different N/O ratios, as shown in Fig. 3b , it is found that an oxygen rich composition can enhance the phase purity of JEM if the Si/Al ratio is fixed at 2.50. As b-sialon still coexisted with the JEM phase when the N/O ratio is 6.00, the Si/Al ratio was tuned by changing the amount of Si 3 N 4 and AlN and keeping the N/O ratio at 6.00 as shown by the red line in Fig. 2b . The molar ratios of the starting materials are shown in Table 1 (samples No. [14] [15] [16] [17] [18] [19] [20] [21] .
When the N/O ratio is maintained at a value of 6.00, the JEM phase purity is significantly improved by changing the Si/Al ratio, as shown in Fig. 4 , especially for samples with Si/Al = 2.30, 2.11 and 2.20, in which the amount of La N-phase is less than 1%. So carefully controlling the Si/Al ratio is very important to remove the b-sialon impurity phase. Fig. 4a shows that a single phase JEM phosphor is obtained for the sample with Si/Al = 2.30 and N/O = 6.00 (sample No. 16). The chemical composition is also marked with a green circle in Fig. 2b , deviating slightly from the formula of JEM sialon with z = 1.12 (sample No. 2).
Photoluminescence properties
The JEM:xEu (x = 0.005, 0.01, 0.02, 0.05, 0.10, 0.20) samples (samples No. [23] [24] [25] [26] [27] [28] were weighed with the ratios of N/O = 6.00 and Si/Al = 2.30, as this is the optimal composition to get a Fig. 5 shows the diffuse reflectance spectra of the non-doped and Eu doped JEM samples. A strong absorption band is observed below 300 nm in the nondoped sample, which can be attributed to the electronic transition from the valence band to the conduction band of the host lattice. This is in agreement with the fact that the non-doped JEM sample has a white color. Eu doping of JEM yields light-blue to yellow body colored samples due to a strong absorption band between 400 and 600 nm. With increasing Eu concentration, the absorption becomes stronger and the absorption edges shift to a longer wavelength. This band is therefore assigned to the 4f-5d transition of Eu 2+ , indicating that Eu is present in the divalent state in the JEM phosphor.
The Eu L III edge XANES spectrum of JEM:0.05Eu is shown in Fig. 6 together with the reference spectra of EuCl 2 and Eu 2 O 3 . The absorption edge of JEM:0.05Eu is located at 6973 eV and coincides with the Eu 2+ reference position from EuCl 2 . There is no trace of Eu 3+ in the JEM:0.05Eu sample, which further confirms that all the Eu ions in the JEM:0.05Eu phosphor are divalent. This is due to carbon heating at high temperature, which can provide a reductive atmosphere. 25 b. Eu concentration dependent photoluminescence properties. Fig. 7a and b show the excitation and emission spectra of the JEM:xEu phosphors measured at room temperature, respectively. The excitation band gradually becomes broader with increasing Eu concentration, and the maximum of the excitation band is the largest for x = 0.02. As Fig. 7b shows, the emission intensity increases with higher Eu concentrations and reaches a maximum when x = 0.02. The intensity decreases again when x is above 0.02. The emission band also becomes broader with increasing Eu concentration. The full width at half maximum (FWHM) increases from 115 nm when x = 0.005 to 127 nm when x = 0.20, as presented in Fig. 7c . The JEM structure has only one La site on which the Eu 2+ can substitute and La atoms statistically occupy the 8(d) site. 19 In addition, the La atoms are found to be irregularly coordinated by seven anions in the JEM structure and the charge compensation makes the coordination environment of Eu 2+ very complicated. Therefore, a variety of local structures around Eu 2+ give rise to inhomogeneous broadening, which makes the emission bandwidth of JEM:Eu 2+ relatively large. A similar case has been observed for the CaAlSiN 3 :Eu 2+ phosphor, for which it was reported that the inhomogeneous broadening originates from the random distribution of Si and Al ions at an identical crystal site. 26 Another interesting characteristic of the JEM:Eu samples is the unusual large red-shift (490 -564 nm) of the emission band that is observed with the increase of the Eu concentration, implying that the luminescence properties of the JEM:Eu 2+ phosphor can be tailored by controlling the Eu concentration. Fig. 8 shows that the emission band of the low concentrated samples is asymmetrical, and can be fitted with two Gaussian curves, which represent high and low energy emission bands. This suggests that there are at least two types of Eu 2+ sites; one site gives rise to the higher energy emission band and the other site gives rise to the lower energy emission band. Note that, when x is 0.10, the emission spectrum almost solely consists of the band at longer wavelength, as shown in Fig. 8 .
It is suggested that the main reason for the red shift at lower concentration is different from that at higher concentration. At low concentrations the redshift is mainly caused by a change in the distribution of the Eu 2+ ions over the two sites. Eu 2+ ions may prefer to occupy the high energy site, which results in a relatively large contribution of the emission at shorter wavelengths. This can be seen from the intensity of the shorter wavelength emission band, which is higher than that of the longer wavelength emission band when the Eu concentration is below 2%. With increasing Eu concentration also the lower energy site will be occupied more, causing a redshift of the emission. A similar explanation has also been reported for La 2.5 Ca 1.5 Si 12 O 4.5 N 6.5 :Eu 2+ . 27 Upon further increasing the Eu concentration, the red-shift of the emission is further enhanced by energy transfer among Eu 2+ ions. With increasing Eu concentration the average distance between the Eu 2+ ions becomes shorter, increasing the probability of energy transfer from Eu 2+ ions at the high energy site towards Eu 2+ ions at the low energy site. Hence, the increase of the possibility of nonradiative energy transfer between Eu ions at different sites causes a red-shift of the emission band. This can also be confirmed from Fig. 8 where the relative intensity of the shorter wavelength emission band becomes lower with increasing Eu concentration and the shorter wavelength emission band almost disappears when the Eu concentration reaches 10%. A similar case was also observed in La 2.5 Ca 1.5 Si 12 O 4.5 N 6.5 :Eu 2+ 27 and Lu 3 Al 5 O 12 :Ce 3+ . 28 It should be noted that, due to the partial overlap of emission and excitation spectra, the reabsorption of high-energy emitted photons also contributes to the red-shift. In addition, a lowering of the 5d level further enhances the red-shift with the increase of Eu concentration. The latter two effects are commonly observed in Eu 2+ doped samples. However, they cannot by itself account for the very large red-shift (490 -564 nm) and changes in the emission spectrum that are observed with increasing Eu concentration, which can only be fully explained by also taking energy transfer between Eu 2+ ions at different sites into account.
c. Temperature dependence of luminescence properties. Fig. 9 shows the emission spectra of JEM:0.02Eu 2+ (sample No. 25) over a temperature range from 4 K to 573 K. The emission intensity almost immediately starts to drop above 4 K, falling to 83% at 100 K as compared to the intensity at 4 K. Further increasing the temperature results in a nearly linear relation between temperature and luminescence intensity, dropping to 10% around 573 K. The emission is thermally quenched by 50% at room temperature as compared to the emission at 4 K, which leads to a relatively low quantum efficiency (IQE = 37%).
In general, the quenching of the 5d -4f luminescence of Eu 2+ is explained by either thermally activated cross-over from the 4f 6 5d excited state to the 4f 7 ground state, or the thermal ionization from the 4f 6 5d excited state to the bottom of the conduction band. 29, 30 The Stokes shift is estimated at 0.23 eV by taking twice the energy difference between the zero phonon line energy and the energy of the emission peak. 31 Given the relatively small Stokes shift and low thermal quenching temperature, the thermal quenching is more likely due to the thermal ionization from the 5d level to the conduction band, as this has also been suggested as the reason for thermal quenching in other Eu 2+ doped nitrido-silicates. 30, 32 Note however that there is a noticeable feature of the JEM phosphor as the luminescence intensity of JEM:Eu shows a much more gradual decrease with increasing temperature; although the luminescence already starts to quench around 4 K, there is still 10% of the luminescence left around 573 K.
It is noticed that this slow quenching behavior is due to multiple competitive relaxation processes. One possible reason is related to the two different luminescent sites in the Eu 2+ doped JEM phosphor, as the two sites may have a different energy barrier for thermal quenching. The energy transfer between the two sites may also depend on the temperature and therefore influence the luminescence intensity. Furthermore, the emission band shows a slight redshift and a small change in shape with increasing temperature. These changes can also be related to the two types of emission sites in the Eu 2+ doped JEM phosphor with different thermal quenching behaviors.
d. Luminescence decay. The luminescence decay of the JEM:xEu (x = 0.005, 0.02, 0.10) samples is shown in Fig. 10 . The samples were excited with 370 nm nano LED light and monitored at two different emission wavelengths of 480 nm and 560 nm, respectively. The decay curves show a non-linear decay, which can be reasonably fitted using a bi-exponential function: 33
where I is the luminescence intensity; A 1 and A 2 are constants; t is the time; and t 1 and t 2 are the lifetimes for the exponential components. The double decay is strong evidence that there are at least two types of Eu 2+ ions. The effective decay time t can be calculated according to the formula:
Regarding the JEM:xEu samples with x = 0.005, 0.02, 0.10, the calculated effective decay times are 0.67 ms, 0.51 ms and 0.39 ms for the 480 nm emission, and 1.05 ms, 1.15 ms and 1.02 ms respectively, which are close to the typical value of Eu 2+ decay. 34 For all concentrations, the 480 nm emission shows faster decay than the 560 nm emission, indicating that the decay related to the high energy site is faster than the decay associated with the low energy sites. The decay time for the 560 nm emission initially increases with rising Eu concentration, which is due to the energy transfer from the high energy Eu 2+ site to the low energy Eu 2+ site, as the high energy Eu 2+ sites with faster decay have a larger contribution to the emission of the low Eu concentrated samples. 
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For the high Eu concentrated sample, concentration quenching leads to a shorter decay.
In order to further confirm that there are two types of Eu 2+ emission sites, time-resolved photoluminescence emission spectra are measured as shown in Fig. 11 . Each time-resolved photoluminescence emission spectrum contains two distinctive Gaussian peaks, which confirms the existence of the two luminescent centers. The intensity of the high energy component reduces upon increasing the delay time, which is in agreement with the observation that the short monitored wavelength leads to a faster decay rate, as shown in Fig. 10 .
The broad Eu 2+ emission band, the red-shift of the Eu 2+ emission with increasing concentration, the unusual thermal quenching behaviour, the luminescence decay curves and the time-resolved photoluminescence spectra all indicate that there are two types of Eu 2+ luminescent centers in the JEM:Eu 2+ phosphor. However, since there is only one type of La site in the JEM structure, it is believed that the second luminescent center is caused by the local inhomogeneous distribution of Si/Al and/or O/N. This would be similar to that observed for CaAlSiN 3 :Eu 2+ , 26 where there is only one type of Ca site, but nevertheless two types of luminescent centres due to the inhomogeneous distribution of Si/Al, resulting in Eu 2+ ions in Si rich and Al rich local environments. Further detailed investigations of the JEM structure in order to determine the precise distribution of the Si, Al, O and N atoms would be required to obtain a full understanding of the nature of the two luminescent centers in the JEM structure.
Conclusions
A phase pure JEM:Eu 2+ green-emission phosphor was obtained by a solid-state reaction at 1850 1C for 2 hours by using La 2 O 3 , LaN, Si 3 N 4 , AlN and Eu 2 O 3 as starting materials in a Si/Al ratio of 2.30 and a N/O ratio of 6.00. The phosphor can be excited with UV or blue light, resulting in a broad Eu 2+ 5d-4f emission band which has, at low Eu concentrations, a maximum at 490 nm. With increasing Eu concentration, the emission band changes shape and its maximum shifts to 564 nm, shifting the emission color from blue-green to yellow. These changes suggest that there are two types of emission sites, although there is only one crystallographic site in the JEM structure. Furthermore, the Eu 2+ doped JEM phosphor shows an abnormal nearly linear thermal quenching behavior. The non-linear luminescence decay with a bi-exponential curve and time-resolved photoluminescence emission spectra with two distinctive Gaussian peaks further confirm the existence of two types of emission sites.
Since the phase pure Eu 2+ doped JEM sialon phosphors and non-doped JEM sample have now been prepared by adapting the chemical composition and carefully controlling the temperature, it will be of interest to investigate whether a phase pure Ce 3+ doped JEM phase phosphor may also be obtained using a similar approach, as a JEM:Ce phosphor has been mentioned as a strong candidate for home illumination. 8 Additionally, the availability of the single JEM sialon sample makes it possible to further investigate the details of the JEM structure, which has not been done to date because of the lack of a single phase sample.
